Abstract -We investigated the physiological relationship between diet during pregnancy and colostrum production in ewes to test the hypothesis that for ewes that are in low body condition, with low fat reserves, the food supply will be the main source of energy for colostrum synthesis. To this end, we measured the amount of colostrum accumulated by ewes under two levels of nutrition. We also measured the circulating concentrations of metabolites and hormones associated with lactogenesis (β-hydroxybutyrate, glucose, progesterone, prolactin, cortisol, growth hormone, leptin, insulin and insulin-like growth factor-I) Ewes were either under-fed at 70 (n = 15) or well-fed at 110% (n = 10) of their daily metabolisable energy requirement during the last two months of pregnancy. Colostrum accumulation up to parturition was 168 ± 48 g for under-fed ewes and 451 ± 103 g for well-fed ewes. After birth, under-fed ewes produced less colostrum than well-fed ewes but the difference was no longer significant. The level of nutrition also influenced the plasma concentrations of hormones and metabolites related to lactogenesis. Progesterone concentrations decreased before lambing in all animals but in under-fed ewes the fall appeared to be too small to initiate the onset of colostrum production. β-hydroxybutyrate concentrations were higher in under-fed than in well-fed ewes, suggesting that the under-fed ewes were mobilising more adipose tissue but they still did not meet their ME requirements for colostrum production. We concluded that, in underfed ewes, there are insufficient nutrients for adequate lactation and the hormone regime is inappropriate for good udder development and colostrum synthesis. udder development / lactogenesis / β-hydroxybutyrate / glucose / progesterone / prolactin / cortisol / growth hormone / leptin / insulin / insulin-like growth factor-I / lamb mortality
INTRODUCTION
Normally, well-fed ewes accumulate a large volume of colostrum in the final few days before birth and secrete milk copiously soon after lambing [1, 2] . The process controlling lactogenesis in single-bearing Merino ewes can be studied by monitoring * Corresponding author: banchero@inia.org.uy the changes in the concentration of mammogenic and lactogenic hormones during the last month of gestation and relating these to mammary development and production of colostrum. It is also critical to control both the quantity and quality of food consumed because they can both affect mammogenic and lactogenic hormones [2] .
When the available nutrients fail to meet the mother's energy requirements for gestation and onset of lactogenesis, the deficit is met by mobilising adipose tissue [3] so it is desirable that the ewe has some fat reserves during the last month of gestation. However, single-bearing ewes in very good body condition may produce the same or even less colostrum as single-bearing ewes in low body condition [4] so other factors must be involved. Among the most probable causes of low production of colostrum by ewes in high body condition are a reduction in appetite [5] and the continued release of progesterone from adipose tissue [6] . Therefore, in studying how undernutrition controls lactation, it is important to avoid the confounding effects of high body condition and fat reserves. For this reason the ewes in this experiment were all in relatively low body condition (score < 2) with low reserves of body fat.
In this experiment, we tested the general hypothesis that maternal nutrition affects udder development and production of colostrum in single-bearing Merino ewes in two ways. First, in animals that are in low body condition, with low fat reserves, the food supply will be the main source of energy for colostrum synthesis; second, poor nutrition will affect the concentration of mammogenic and lactogenic hormones in ways that reduce tissue development and secretory output by the udder. These studies should indicate management strategies for single-bearing Merino ewes in situations when little food is available and when a short-term strategic increase in food supply to these ewes would have the highest advantage for udder development and colostrum production. We expected the endocrine patterns to provide a physiologically mechanistic basis for such strategies.
MATERIALS AND METHODS
Protocols and animal care were approved by the Animal Ethics Committee of the University of Western Australia (Ref.
99/008/E81).
Experimental treatments
The experiment was conducted on the campus of the University of Western Australia in July 2000 using 3-year-old Merino ewes selected from a flock inseminated on a single day by laparoscopy using fresh Merino semen and kept on outdoor green pasture on the University farm. At scanning on Day 55 of pregnancy, 25 ewes were selected that were carrying single fetuses and, 80 days after artificial insemination, they were brought indoors and placed in individual pens. From Day 80 until Day 119 of pregnancy, the ewes were fed either 70% of Metabolisable Energy (ME) requirements (under-fed ewes; n = 15) or 110% of ME requirements (well-fed ewes; n = 10), according to the Ministry of Agriculture, Fisheries and Food [7] . From Day 80, the ewes were fed Diet 1 containing 80% cereal chaff, 20% lupin seed (Lupinus angustifolius) and 2% mineral mix with a calculated content (as-fed basis) of 8.7 MJ.kg −1 ME and 12% Crude Protein (CP). Over 5 days starting on Day 120, the ewes were introduced to a more concentrated diet (Diet 2) containing 48% cereal chaff, 25% lupin seed, 25% barley grain and 2% mineral mix with a calculated 9.8 MJ.kg −1 ME and 14% CP (as-fed basis). The ewes were fed Diet 2 from Day 120 through to lambing. The quantity of each diet fed to the ewes in each treatment is shown in Table I. One day after birth, ewes from both groups were offered Diet 2 ad libitum. Water was available ad libitum at all times.
Feeding and feed intake
During the experimental period, the diet was prepared once a week according to the requirements for that week of gestation. The ewes were fed the requisite quantity of diet based on their metabolic body weight at 10.00 h each morning after blood sampling. The feed refusals for each ewe were weighed and recorded daily.
Live weight and body condition
Body weight and body condition were recorded once a week from Day 72 of pregnancy until lambing. During the period in the animal house, body weights and condition scores were recorded at 09:00 h after the ewes were bled and before they received their daily ration.
Udder measures, production
of colostrum and colostrum composition The volume of the udder was calculated by the formula of Bencini and Purvis [8] using the measurements made once per week from Day 125 of pregnancy to Day 140 and then every third day until birth. The full volume of the udder at lambing was calculated from its linear dimensions and the empty volume was obtained by subtracting the amount of colostrum that was expressed from the udder at birth.
Towards lambing, the ewes were observed 24 h per day so that, immediately after lambing, the udder volume and colostrum accumulated could be measured. Immediately after lambing, ewes were injected intramuscularly with 5 IU of oxytocin (Oxytocin TM Heriot Agvet Pty. Ltd., Australia) and one half of the udder was completely hand-milked, after which the teat was covered with tape to prevent sucking. The other teat was left uncovered for the lamb to suck. The colostrum collected was weighed and samples were mixed with a preservative and stored at 4
• C for subsequent analysis. This milking process was repeated at 3, 6 and 10 h after lambing. The colostrum removed by milking at lambing, was considered to represent prenatal accumulation and subsequent yields were considered to represent the quantities secreted since the previous milking. All colostrum and milk samples were warmed to 40
• C in a water bath and diluted with deionised water (1:1, 1:4 or 1:8 by weight, depending on viscosity) and then analysed for fat, lactose and protein content using a Milkoscan (133 Foss Electric Denmark).
Blood sampling
Jugular blood was sampled by venipuncture immediately before feeding at 08.00 h on Days -30, -23, -16, -9, -5, -4, -3, -2, -1 relative to birth, at lambing and 1 and 18 h after birth. Glucose was immediately measured using a single drop of whole blood with a blood glucose meter and sensor electrodes (MediSense, Bedford, Massachusetts, USA). The blood samples were then chilled to 4
• C and centrifuged within one hour to separate the plasma which was poured equally into two plastic tubes and stored at -20
• C until analysis.
Hormone and metabolite assays
Plasma concentrations of β-hydroxybutyrate (β-OHB), urea and leptin were measured, and along with blood glucose values, were used to determine whether the food supply or body tissue was the main source of energy for colostrum synthesis. Plasma concentrations of progesterone, prolactin, GH, insulin, IGF-1 and cortisol were measured to determine whether nutrition affected the concentration of mammogenic and lactogenic hormones.
β-hydroxybutyrate
β-hydroxybutyrate (β-OHB) was measured using a spectrophotometric assay [9] and urea was measured using the enzymatic ultraviolet test, based on the urease/GLDH method, using a Roche Cobas Mira S autoanalyser (Roche, Mannheim, Germany). All samples for each metabolite were run in a single assay.
Progesterone
Progesterone was measured using a double-antibody radioimmunoassay (RIA) after extraction with hexane as previously described by Gales et al. [10] Mean concentrations in the low, medium and high quality controls were 0.94, 1.8 and 5.0 ng.mL −1 . Intra-and inter-assay coefficients of variation were 10.7 and 22.6% and the limit of detection was 0.38 ng.mL −1 .
Cortisol
Cortisol was measured in duplicate by Dextran-Coated Charcoal RIA after extraction with methylene chloride:ethanol (99:1 v/v) as previously described by Abraham et al. [11] . Mean concentrations in the low, medium and high quality controls were 12.2, 28.6 and 38.2 ng.mL −1 . Intra-and inter-assay coefficients of variation were 6.2 and 8.3% and the limit of detection was 5.8 ng.mL −1 .
Insulin
Insulin was measured in duplicate with the double-antibody RIA of Hales and Randle, [12] as modified by Basset and Wallace [13] and described by Tindal et al. [14] . Mean concentrations in the low, medium and high quality controls were 3.5, 6.0 and 16.6 µU.mL −1 . The intra-assay coefficient of variation was 7.9% and the limit of detection was 1.42 µU.mL −1 .
Growth hormone
Growth hormone was measured in duplicate by RIA as described by Downing et al. [15] . Mean concentrations in the low, medium and high quality controls were 15.1, 24.6 and 49.8 ng.mL −1 . Intra-assay coefficient of variation was 9.3% and the limit of detection was 0.49 ng.mL −1 .
Insulin-like growth factor I (IGF-I)
Insulin-like growth factor I (IGF-I) was measured in duplicate using the RIA method described by Gluckman et al. [16] . Mean concentration in the low quality control was 1.0 ng.mL −1 and in the high 1.24 ng.mL −1 . Intra-assay coefficient of variation was 6.15% and the limit of detection was 0.15 ng.mL −1 .
Prolactin
Prolactin was measured in duplicate with the double antibody homologous RIA as described by Gluckman et al. [16] . Mean concentrations in the low, medium and high quality controls were 1.1, 2.5 and 3.4 ng.mL −1 . The intra-assay coefficient of variation was 8.6% and the limit of detection was 0.68 ng.mL −1 .
Leptin
Leptin was measured in duplicate with the double-antibody RIA described by Blache et al. [17] . Mean concentrations in the low, medium and high quality controls were 0.48, 1.05 and 1.26 ng.mL −1 . Intraassay coefficient of variation was 4.5% and the limit of detection was 0.44 ng.mL −1 .
Lamb birth weight and identification
The lambs were weighed and identified soon after birth. Each lamb was allowed to suck the uncovered teat and it was also bottle-fed a supplement of ewes' colostrum when the ewe's production of colostrum was insufficient for the lamb's requirements (a secretion rate less than 45 mL per hour [18] ).
Statistical analyses
The effects of nutrition on udder volume, the characteristics and volume of colostrum, ewe live weight and body condition and lamb birth weight were analysed by Least Squares Analysis of Variance using the Super ANOVA statistical programme [19] . Changes in hormone concentrations in plasma were tested by repeated measures analysis of variance using the statistical programme Genstat [20] . The effects were assumed to be statistically significant when the level of probability was 5% or less. All results are presented as means ± standard errors.
RESULTS

Udder measures and production of colostrum
The increase in udder volume from Day -30 until lambing in the two treatment groups is shown in Figure 1 . Well-fed ewes had bigger udders than under-fed ewes throughout the experimental period and the difference was significant from Day -16 up to Day -2.
The accumulation of colostrum up to birth was 2.7-fold higher in well-fed ewes than in under-fed ewes (P < 0.05; Tab. II). The total production of colostrum (that Table II . Production of colostrum (mean ± SE) at birth and up to 10 h later for ewes fed 70 or 110% of ME requirement. accumulated before lambing plus that produced up to 10 h after lambing) was also significantly higher for well-fed ewes but this difference was almost entirely due to differences in pre-partum accumulation since the amount produced after lambing did not differ significantly between both groups.
The constituents of the colostrum
The percentage of solids in the colostrum decreased over the first 10 h in both underfed and well-fed ewes (Tab. III), mostly due to the fall in the percentage of protein which dropped by 50% after birth in both groups(P < 0.05). On the contrary, the percentage of fat did not change between lambing and 10 h after lambing. The percentage of lactose increased from birth up to 10 h after lambing (P < 0.05), during which time it almost doubled in well-fed ewes and tripled in the under-fed ewes. The percentage of fat and protein in the colostrum accumulated at birth and in the subsequent milking after lambing did not differ significantly between well-fed and underfed ewes (Tab. III). However, at birth and during the first three hours after lambing, the percentage of lactose was higher in well-fed ewes than underfed ewes. By six hours after lambing, the percentage of lactose did not differ between both groups.
At birth, well-fed ewes had double the total colostrum solids of underfed ewes (P < 0.05; Tab. III) but this difference was mainly due to the higher volume of colostrum produced by the well-fed ewes and not due to a higher concentration of total solids. Three hours after lambing, well-fed ewes still produced more total solids in their colostrum than the underfed ewes but the difference was no longer significant (P > 0.05) and again the difference was due to a higher volume and not a higher concentration of solids. From 6 h after lambing onwards, the secretions from both groups contained similar concentrations of total solids.
Body condition and live weight of ewes
On Day 80 of pregnancy, both groups had an average condition score of about 1.6 (Score 1-5, [21] ) (Fig. 2) . After the treatments began, the well-fed ewes gained condition until birth while the under-fed ewes lost condition. From Day 112 of gestation until birth, the difference between groups was significant and, by the end of gestation, the well-fed ewes were 0.7 points of body condition more than the under-fed ewes (P < 0.05). The live weights of the ewes followed a similar pattern. Ewes in both groups weighed the same on Day 80 but the well-fed ewes gained weight as their pregnancy progressed while the under-fed ewes generally only maintained weight. By the end of gestation, the well-fed ewes were 7 kg heavier than the underfed ewes (P < 0.05).
Lamb birth weights
The lambs born to the well-fed ewes (5.21 ± 0.29 kg) were about 12% heavier than those born to the under-fed ewes (4.68 ± 0.16 kg) but the difference was not significant (P = 0.10).
Metabolic indicators
In both groups, plasma concentrations of glucose increased steadily during the last 30 days of pregnancy, then increased sharply around birth before returning to pre-parturient levels by 18 h post-partum (Fig. 3) . Well-fed ewes tended to have higher concentrations than underfed ewes throughout the pre-partum period and the difference was significant from Day -30 to -9 and on Day -3.
Plasma β-OHB concentration was higher for under-fed ewes than well-fed ewes throughout the treatment period (Fig. 3) . The difference was the greatest at the start of the treatment period but then diminished and, in samples taken after birth, the differences were no longer significant.
There was no significant difference between treatments in the plasma concentrations of urea (Fig. 4) . The values remained low during the first two weeks, increased around Days -10 to -5, then decreased till 1 h after birth. The apparent increase at 18 h after birth in the well-fed animals was not significant.
Plasma leptin concentrations were the same for both groups on Day -30 (Fig. 4) but, in well-fed ewes, the leptin concentration increased immediately after the dietary treatments began. High values were maintained up to Day -5 after which they decreased steadily until birth. In underfed ewes, leptin concentrations remained relatively constant throughout the study. The concentration of leptin was significantly higher in well-fed ewes than in under-fed ewes on Days -21, -10 and -5.
Concentrations of mammogenic and lactogenic hormones
In both groups, there was a general decrease in the plasma concentration of progesterone, decreasing from Day -30 until lambing (Fig. 5) . Well-fed ewes had lower values than under-fed ewes throughout the treatment period and the difference was significant on most occasions. On the day before lambing and during the last 12 h of pregnancy, the concentrations were 4.61 ng.mL −1 and 2.81 ng.mL
for the well-fed ewes, and 6.46 ng.mL −1 and 3.64 ng.mL −1 for the under-fed ewes (P < 0.05). At lambing and after lambing, the under-fed ewes continued to have higher plasma concentrations of progesterone than the well-fed ewes (P < 0.05).
For both groups, the plasma concentrations of prolactin were either constant or gradually increased from Day -30 to Day -10 and then rose sharply during the last 2-3 days of pregnancy (Fig. 5) . After lambing, the values decreased but remained high compared to the early pre-partum period. Prolactin concentrations were significantly higher in well-fed ewes than in under-fed ewes for the whole period with the exception of Days -16, -2 and 0.
In both groups, GH concentrations increased from Day -30 until one hour after birth (Fig. 6) . Under-fed ewes had higher values than the well-fed ewes throughout the experimental period, but the differences were only significant on Days -5 and -3. Insulin concentrations changed little between Days -30 and Day -1 in either group but increased markedly around lambing (Fig. 6 ) returning to pre-partum levels by 18 h after lambing. Well-fed ewes had higher values than underfed ewes throughout the pre-partum period and the differences were significant on Days -30, -23, -9, -3 and -2.
Plasma IGF-I concentrations were higher in well-fed ewes than in under-fed ewes throughout the experimental period (P < 0.05; Fig. 7 ) and the differences were significant on all except four occasions. The pattern was similar for both treatments with generally constant levels until an increase in the last few days before birth and then a slow increase over the last prepartum observations. After lambing, IGF-I values remained higher than pre partum levels in both groups and the difference between the groups was maintained (P < 0.05).
The plasma concentrations of cortisol remained low in both groups until Day -3 pre-partum and then increased sharply to peak at lambing (P < 0.05; Fig. 7 ). Thereafter, the concentrations decreased and, by 18 h after lambing, they were similar to those observed 2-3 days before lambing. Well-fed ewes tended to have higher concentrations than underfed ewes during the pre-partum period but the difference was only significant on Days -23, -3 and -1. The differences were not significant at and after lambing.
DISCUSSION
This experiment shows that supplying 70% of ME requirements is insufficient for adequate lactation and suggests that it results in a hormone regime that is inappropriate for optimal udder development and colostrum synthesis.
The metabolic profile of underfed ewes was characterised by lower plasma glucose and leptin levels and higher β-OHB concentrations during the pre-partum period compared with well-fed ewes. Low concentrations of glucose can limit milk secretion because glucose is a precursor for lactose synthesis. For example, in goats fasted for 24 h, a single infusion of glucose into the mammary artery increased milk yield by 62% and milk lactose yield by 87% within 3 h [22] . Nevertheless, the lactating mammary gland of a high yielding goat uses 60-85% of the total body glucose and the correlation between milk yield and mammary uptake of glucose is about 0.93. In our experiment, the under-fed ewes had a lower plasma concentration of glucose during the pre-partum period and this almost certainly would have slowed lactose synthesis and thus contributed to limit their production of colostrum.
Well-fed ewes had enough nutrients in their diet to maintain or slightly increase their body condition during the last month of pregnancy. On the contrary, under-fed ewes lost body condition and this was reflected in the high plasma concentration of β-OHB in these animals [23] . The values for β-OHB in the under-fed ewes were above normal values for sheep (< 0.7 mmol.mL −1 [24] ) throughout the last 30 days of the pre-partum period. Some animals had values close to those that produce pregnancy toxaemia [25] although they did not show symptoms. On the contrary, in this experiment, the ewes did not need to expend energy to graze because they were fed in pens so, under field conditions, many of the underfed ewes may have had serious problems.
Plasma concentrations of leptin followed the same pattern as body condition during most of the pre-partum period, confirming previous observations in our laboratory [17] . Interestingly, during the last 5 days of pregnancy, the leptin concentrations in well-fed ewes were similar to those in the under-fed ewes. This might be because the "well-fed" ewes were temporarily undernourished at this time despite being offered a diet that was theoretically adequate to meet the ewe's ME requirements. Another possible explanation is that leptin secretion is controlled by a range of other endocrine factors, including some of those measured in the present study [26] . Thomas et al. [27] , working with pregnant ewes that were moderately fed, reported similar results and attributed them to a catabolic process and fat mobilisation during late pregnancy. This could have been the case with the sheep in our experiment. When they were fed, they did not refuse food so it seems that the nutrients available, or their composition, were insufficient to cover this short and important period of high nutrient demand. As a result, they were forced to mobilise adipose tissue [23] . By contrast, plasma urea was similar in well-fed and underfed animals, suggesting that the protein requirements were met either by the diet or tissue mobilisation, or both.
The concentrations of all six lactational hormones differed between the wellfed and under-fed animals to an extent that would be likely to affect the onset of lactogenesis. In sheep, as in other mammals, lactogenesis is triggered by the withdrawal of progesterone at the end of gestation, in addition to dramatic increases in the secretion of cortisol and prolactin [28] . We observed a decrease in progesterone concentrations during the pre-partum period in both groups but the rate of decrease was related to nutrition, with under-fed ewes maintaining higher levels for longer than the well-fed ewes, most likely due to differences in the rate of clearance [29] [30] [31] . According to Burd et al. [32] , the circulating concentration of progesterone must fall below a threshold of 10 ng.mL −1 for the mammary blood flow to increase and enhance the supply of metabolic substrates to the udder. It took the under-fed ewes nearly 15 days longer to fall below this level than wellfed ewes. Furthermore, by the day before lambing, in neither group, had progesterone levels fallen below the second threshold of 1 ng.mL −1 which is considered by Hartmann et al. [33] to be necessary for copious synthesis of colostrum. On the day before lambing, plasma concentrations of progesterone were still too high in 60% of the ewes in each group. Immediately after birth, all of the well-fed ewes had reached an appropriate level but the progesterone concentrations were still too high in 40% of under-fed ewes to allow an adequate onset of lactogenesis [2] . This probably explains why more than 60% of the underfed ewes did not have enough colostrum to meet the immediate requirements of their new-born lamb. The high concentration of progesterone in the under-fed ewes probably resulted in the concentration of lactose being low and consequently these ewes produced a low volume of colostrum. Progesterone inhibits α-lactalbumin, one of the proteins required for the synthesis of lactose synthetase, the rate-limiting enzyme for lactose synthesis. Since lactose osmotically draws water into the mammary secretory epithelium [34, 35] , any delay in lactose synthesis would limit the production of colostrum. In addition, the colostrum that is produced would have a high viscosity and therefore be difficult for the lambs to suck [36, 37] .
The nutrition of the ewes may also have contributed to the observed differences in plasma prolactin concentrations, which is another factor controlling lactogenesis. Well-fed ewes had higher levels of prolactin than under-fed ewes throughout the final 30 days pre-partum. Prolactin enhances the rate of synthesis of casein and α-lactalbumin when prolactin receptors are present in mammary tissue. Prolactin upregulates its own receptors so, each increase in prolactin concentration leads to an increase in the responsiveness of mammary tissue to the hormone [38] . However, the production of prolactin receptors is inhibited by high levels of progesterone and prolactin binding can only increase after progesterone concentrations decline at the end of gestation.
The circulating concentrations of cortisol were slightly affected by the level of nutrition, and this might be linked to the tendency for well-fed ewes to produce bigger fetuses. On the contrary, the levels of GH were much higher in the under-fed than in the well-fed ewes. Normally, GH promotes udder development and galactopoiesis through IGF-I [39] . However, in the cow, when the nutritional status is severely compromised by a short-term fast, the basal concentrations of IGF-I are lower and the ability of GH to increase IGF-I secretion is inhibited. This concurs with the present experiment in which underfed ewes had lower concentrations of IGF-I than well-fed ewes. At the same time, insulin concentrations in the underfed ewes were also lower than in the wellfed ewes. High circulating concentrations of insulin can increase IGF-I secretion [40] and insulin plays a similar role to IGF-I in the differentiation and development of the mammary gland [41] . Thus, the low levels of insulin or IGF-I (or both) probably explain the poor udder growth in the underfed ewes, although it is difficult to estimate how much this affected lactation in the present experiment.
The present experiment was not designed to measure lamb mortality, but the data for colostrum production suggests that more than 60% of the underfed ewes did not have enough colostrum to meet the requirements of their lambs. Under-fed ewes accumulated only 170 mL of colostrum prior to lambing and secreted 43 g per hour from birth until 10 h post partum. These values extrapolate to a mean of about 190 mL per kilogram of birth weight that would be available for the first 18 h after lambing. This is about 10% below the lambs' requirements for a minimum of about 210 mL per kilogram of live weight during the 18 h after birth under ideal conditions at lambing [42] . By contrast, the well-fed ewes produced an estimated 270 mL per kilogram of birth weight, enough for the lamb even under cold weather conditions when the demand for colostrum would be higher [36] .
In addition to its consequences on the physiology of the lamb, limitation of colostrum production is also likely to impair filial attachment (see Nowak, this issue).
The physiological and behavioural consequences of poor colostrum production following undernutrition, are likely to be even more acute in the case of twin births, and this could explain part of the much higher early mortality often reported in twins [43] .
